After the acute phase of myocardial infarction, patients who develop sustained ventricular arrhythmias present with either sudden death or ventricular tachycardia (VT). Although current evidence suggests that VT frequently precedes ventricular fibrillation (VF) in patients presenting with sudden death, the factors resulting in rapid deterioration of VT to VF have not been delineated in humans. To determine whether left ventricular function, coronary anatomy, or electrophysiologic characteristics could differentiate patients with sudden death from those with VT without sudden death, we compared results of cardiac angiography and programmed electrical stimulation in 42 patients referred for evaluation of sustained VT or surviving "aborted" sudden death for more than 9 days after myocardial infarction. By univariate analysis there were no differences between patients with sudden death and those with VT in age, time from myocardial infarction to VT or sudden death, ejection fraction (0.31 0.12 vs 0.29 + 0.09), or the number of patients with a major area of contracting myocardium supplied by an artery with a 50% or greater or a 70% or greater stenosis (84% vs 64% and 68% vs 41 %). Thirty-six percent of patients with sudden death but no patient with VT had two separate areas of infarction. During programmed electrical stimulation, a sustained ventricular arrhythmia was initiated in 100% of patients with VT and 73% of patients with sudden death and rapidly produced syncope in 67% of patients with sudden death but in only 5% of those with VT. This difference was due to the more frequent initiation of rapid polymorphic VT or VF (27% of patients) and to the shorter VT cycle length (242 + 31 vs 319 ± 69 msec) when monomorphic VT was induced in the group with sudden death. No difference was found in the number of extrastimuli required for initiation of a sustained ventricular arrhythmia. We conclude that (1) resting ventricular function and the potential for ischemia remote from the infarct fail to distinguish patients with sudden death from those with VT without sudden death, (2) electrophysiologic properties determining VT rate and stability are major determinants of the clinical presentation of VT after myocardial infarction, and (3) two separate areas of infarction may predispose to sudden death.
VT at the time of arrival of medical assistance,', 2 analysis of Holter electrocardiographic recordings obtained at the time of sudden death have shown that VF is frequently preceded by a period of VT, which may last for a variable period of time.34 Programmed electrical stimulation can induce a sustained ventricular arrhythmia in 45% to 61% of patients with sudden death and up to 97% of patients presenting with sustained VT.7-10 Thus both groups of patients appear to have the electrophysiologic substrate necessary for VT.
The factors leading to rapid onset of hypotension or VF during VT in patients with sudden death are not well characterized but may include tachycardia-in-CIRCULATION DIAGNOSTIC METHODS-ELECTROPHYSIOLOGY duced ischemia, impaired left ventricular contractility, and characteristics of the reentry circuit that determine the rate and stability of tachycardia."1-4 The potential contribution of ischemia is of particular interest, since the majority of patients resuscitated from sudden death have multivessel coronary artery disease2' 15 and effective means of improving myocardial perfusion are available. In fact, coronary artery bypass surgery has been advocated for the prevention of recurrent sudden death in the setting of coronary disease, although no adequate trials have been published.' 6 17 Patients with VT and sudden death are frequently analyzed together in therapeutic trials of antiarrhythmic therapy.'8 19 Anatomic and physiologic differences between patients with VT and those with sudden death may influence the prognosis and response to therapy, necessitating separate consideration of each group.
To determine whether differences in clinical characteristics, left ventricular function, coronary anatomy (especially stenoses of arteries supplying noninfarcted myocardium potentially amenable to surgery or angioplasty), and the response to programmed ventricular stimulation exist between patients who present with sudden death as opposed to those who present with sustained VT without sudden death after transmural myocardial infarction; we analyzed data from 42 patients referred for evaluation of ventricular arrhythmias.
Methods
Patients who had VT requiring drug termination or cardioversion, or sudden cardiac death requiring countershock for resuscitation, and a previous myocardial infarction characterized by pathologic q waves (duration greater than 0.03 sec or depth greater than 25% of the QRS complex) on the electrocardiogram and a corresponding area of akinesis or dyskinesis as determined by left ventricular angiography were considered for inclusion in this study. Patients were excluded if the arrhythmia occurred only during treatment with antiarrhythmic drugs, in conjunction with an ischemic event, in the presence of serum electrolyte abnormalities, or within the first 9 days after myocardial infarction. Patients with significant valvular disease or who had undergone cardiac surgery between the time of onset of arrhythmia and evaluation in our laboratory were also excluded. Twentyone patients with VT and 21 with sudden death were studied.
Angiography. Coronary and ventricular angiograms obtained within 6 weeks of programmed electrical stimulation were available for review in 36 patients. Thirty-three patients underwent left ventriculography in both the 30 degree right anterior oblique and 60 degree left anterior oblique projections. Three patients had right anterior oblique projections only. The left ventricle was divided into three segments based on coronary anatomy. For the purpose of this analysis, the myocardium supplied by the left anterior descending artery and its diagonals and septals will be referred to as anterior, the posterior descending artery's area of distribution will be referred to as inferior, and the distribution of the nondominant circumflex artery and its marginals will be referred to as posterolateral (figure 1). Ventricular wall motion in each area was then classified as dyskinetic, akinetic, hypokinetic, or normal according to the motion of the largest portion of the segment. An aneurysm was defined as a dyskinetic segment of myocardium producing a distinct distortion of the diastolic left ventricular contour. The localization of an infarction required an akinetic or dyskinetic area supplied by a major coronary artery with a greater than 70% stenosis and corresponding pathologic q waves on the electrocardiogram. The major blood vessel supplying each of the remaining two areas was graded according to its narrowest stenosis as insignificant (less than 50%), 50% to 70%, and greater than 70%. Hypokinetic or normal areas supplied by an artery with a 50% to 70% stenosis or greater than 70% stenosis were considered to be areas of potential ischemia. Biplane ejection fractions (right anterior oblique only in three patients) were calculated from end-systolic and end-diastolic tracings with the use of a Hewlett-Packard 9874A digitizer. 20 Electrophysiologic study. After giving informed consent and in the absence of antiarrhythmic medications, patients underwent programmed ventricular stimulation from the right ventricular apex according to our previously described protocol,21 which includes single and double ventricular extrastimuli delivered during sinus rhythm and during an 8 beat ventricular drive of 100, 120, and 140 beats/min, followed by incremental ventricular pacing and then three extrastimuli during sinus rhythm and at the previous pacing rates. One patient in the sudden death group, studied before routine use of three extrastimuli, received a maximum of two ventricular extrastimuli. Stimulation was performed with impulses of 2 msec duration and amplitude of twice the late diastolic threshold. The end point of programmed electrical stimulation was completion of the pacing protocol, the induction of a ventricular arrhythmia requiring DC countershock for termination, or the reproducible initiation of a sustained ventricular arrhythmia that did not require countershock. A sustained arrhythmia was defined as one that required countershock or pacing termination due to loss of consciousness, or that lasted longer than 30 sec. The mean cycle length of monomorphic VT was measured from the first second after stabilization of the R-R intervals. VF was defined as a rapid ventricular rhythm with totally disorganized electrical activity in the surface electrocardiographic leads without recognizable QRS complexes. 22 The ventricular effective refractory period was the longest coupling interval that failed to capture the ventricle.
Although all 42 patients underwent electrophysiologic testing, two patients in the VT group and six in the sudden death group had begun therapy with amiodarone, which has such a long half-life that it prevents a control study from being obtained. Even though a sustained ventricular arrhythmia was initiated in five of these eight patients, they are excluded from the analysis of electrophysiologic data.
Statistical analysis was performed with the chi square and t tests for independent samples.
Results
There were no differences between the VT and sudden death groups in age, sex, or the number of episodes of arrhythmia requiring cardioversion or drug termination before study (table 1). All patients with sudden death had at least one episode of collapse requiring countershock. Three also had episodes of sustained VT. One of these collapsed without antecedent symptoms while in the cardiology clinic and the other two had VT requiring immediate cardioversion during in-hospital electrocardiographic monitoring. There was no difference between the VT and sudden death groups in the mean time from myocardial infarction to initial episode of arrhythmia, and the majority of patients in both groups presented within 6 months of myocardial infarction. Angiography. Angiograms were available in 17 patients with VT and 19 with sudden death (table 2) . There was no difference between the VT and sudden death groups in the number of patients with an ejection fraction less than 0.30, the mean ejection fraction, or the presence of a left ventricular aneurysm.
Two separate sites of infarction, anterior and inferior, were present in seven (37%) patients with sudden death but in no patients with VT (p < .05). There was no difference between the number of anterior and inferior infarctions comparing the remaining patients with sudden death and those with VT. The ejection fraction in patients with two sites of infarction was 0.22 ± 0.05 (range 0.16 to 0.34) as compared with 0.36 ± 0. 12 in the patients with sudden death with one infarct site. Only one patient (in the VT group) had a posterolateral infarction due to occlusion of a nondominant circumflex artery.
Although the mean number of major coronary arteries with a greater than 50% stenosis was greater in the sudden death group than in the VT group (2.3 ± 0.67 vs 1.8 ± 0.72), this difference was of borderline significance (p = .05). There was no significant difference in the distribution of one-, two-, or three-vessel disease between the VT and sudden death groups. Sixty-four percent of patients with VT and 89% of patients with sudden death had two or three vessels with greater than 50% stenosis.
Sixty-four percent of patients with VT and 84% of CIRCULATION DIAGNOSTIC METHODS-ELECTROPHYSIOLOGY patients with sudden death had at least one area of contracting myocardium supplied by a major vessel with a greater than 50% stenosis (p > .05). When only stenoses of greater than 70% were considered, there was still no significant difference (41% vs 68%). Two patients in each group had two areas of potential ischemia. Of the seven patients with sudden death with two sites of infarction, the remaining myocardium was supplied by a vessel with a greater than 70% stenosis in six.
Although there was a trend for more diffuse coronary disease in the patients with sudden death, there was sufficient overlap of the two groups to preclude the clinical identification of patients with sudden death from those with VT on the basis of these angiographic criteria, except for the smaller number of patients with two infarct sites, all of whom presented with sudden death.
Electrophysiologic data. Two patients with sudden death and three with VT had evidence of right bundle branch block on the electrocardiogram. The QTc interval determined according to Bazett's method23 was longer than 0.42 sec in 13 (87%) of the patients with sudden death and in 13 (68%) of those with VT (p = NS). The HV interval was greater than 55 msec in six of 15 patients with sudden death as compared with one of 17 with VT. There was no difference in the ventricular effective refractory periods between the two groups.
Programmed stimulation in the absence of antiarrhythmic medication was performed in 19 patients with VT and 15 with sudden death (table 3) . Sustained monomorphic VT was induced in all 19 patients with VT and more than one morphologic type of VT was induced in 11 (58%). The mean cycle length of the fastest sustained VT was 319 + 69 msec. One patient with a VT cycle length of 230 msec experienced loss of consciousness and required countershock for termination of VT after 40 sec. Four patients required countershock after attempted termination of VT by pacing as a result of pacing-induced acceleration of the arrhythmia. VT in the remaining 13 patients was successfully terminated by pacing techniques. Thus only one patient with VT required countershock because of loss of consciousness during VT not related to pacing-induced VT acceleration. The VT cycle length was less than 300 msec in seven patients with VT (37%), three of whom also had a slower VT induced. The duration of the fastest VT in the 18 patients without spontaneous syncope was 298 + 322 sec (range 33 to 1494).
In contrast to the VT group, a sustained ventricular arrhythmia (VT or VF) producing syncope was in-Vol. 71, No. 6, June 1985 duced in 11 (73%) of the patients with sudden death (p < .01). Monomorphic VT was induced in seven (47%) and six of these required countershock after 115 + 181 sec (range 12 to 477) due to syncope in two and degeneration to VF in four. Multiple VT morphologies were seen in three of the seven. The mean cycle length of the fastest VT was 248 ± 31 msec and was less than 300 msec in all patients. Pacing termination was successful in only one patient, who had a VT cycle length of 260 msec.
VF or rapid polymorphic VT that degenerated to fibrillation and required immediate countershock was induced in four patients with sudden death. The arrhythmia was initiated by two ventricular extrastimuli in all four. Ten or fewer repetitive ventricular beats were induced in four patients, including the one patient who received a maximum of two ventricular extrastimuli.
There was no difference in the number of premature beats required for initiation of a sustained ventricular arrhythmia between the patients with VT or sudden death, but a basic drive of 120 beats/min or faster was required in six of the patients with sudden death and in only two with VT (p < .01).
Of the six patients with sudden death who had programmed electrical stimulation performed during treatment with amiodarone, a sustained ventricular ar-rhythmia was initiated in four and countershock was required in three of these. One of the patients with VT receiving amiodarone had a sustained hemodynamically well-tolerated VT initiated, while the other had no inducible arrhythmias, although he had suffered several episodes of spontaneously occurring sustained VT before the initiation of antiarrhythmic therapy. Therefore it is unlikely that inclusion of control studies in these patients would have altered our conclusions.
Both angiographic and electrophysiologic data were available in 15 patients with VT and 13 with sudden death patients, 21 of whom had inducible, sustained monomorphic VT. As can be seen in figure 2 , there was no correlation of VT cycle length with ejection fraction; however, all but one patient with an ejection fraction less than 0.40 and a VT cycle length of less than 280 msec (215 beats/min) developed VF or hypotension requiring cardioversion. This suggests that the combination of these two variables may identify patients with syncopal VT after myocardial infarction, although the number of patients we were able to analyze in this regard is small.
Discussion
Holter electrocardiographic recordings during sudden cardiac death have shown that fibrillation is virtually always preceded by a variable number of beats of VT.34 Angiographic and necropsy studies have demonstrated twoor three-vessel coronary artery disease in the majority of patients who suffer sudden cardiac death. Ejection Fraction .5 FIGURE 2. Cycle length of the fastest monomorphic VT induced during programmed electrical stimulation vs left ventricular ejection fraction in 28 patients presenting with sudden death (triangles) or VT (circles). Only patients in whom sustained monomorphic VT was induced are included. All but one patient with an ejection fraction less than 0.40 and a VT cycle length less than 280 msec (broken lines) had syncope and required countershock (filled symbols). 1150 fraction after myocardial infarction has been shown to identify patients with a higher risk of sudden death and VT.25-28 Ischemia during VT could increase dispersion of refractoriness, either directly or by initiating autonomic reflexes that increase cardiac sympathetic activity, and precipitate VF. 14' 29 Ischemia may also further impair ventricular function producing more severe hypotension during VT. Despite these possibilities, we found no differences between patients presenting with sudden death and those presenting with sustained VT in the number of areas of contracting myocardium supplied by a stenotic artery. However, we cannot exclude the possibility that ischemia is important, since we did not evaluate physiologic evidence of ischemia such as lactate production during tachycardia, and no attempt was made to assess collateral circulation or stenoses in smaller arteries. Nonetheless, stenoses in large coronary arteries potentially amenable to bypass surgery or angioplasty did not identify those patients subject to rapid hemodynamic deterioration during tachyarrhythmias.
Infarct size has been shown to correlate with VF threshold in dogs studied within 5 days of myocardial infarction.30' 31 Impaired left ventricular function also leads to marked asynchrony of ventricular contraction and relaxation during VT as assessed by echocardiography in man. 1 In our study, the left ventricular ejection fraction was less than 0.40 in 82% of patients with VT and 79% of those with sudden death and failed to discriminate between the two groups, supporting the hypothesis that a lower ejection fraction indicates a larger infarct with a higher probability that an arrhythmogenic area is present.
It is interesting that seven patients in the sudden death group had two infarct sites (anterior and inferior) compared with none of the patients in the VT group. These patients had a low mean ejection fraction and there was a significant stenosis in the remaining noninfarct artery of six of the seven. Two separate areas of infarction may particularly predispose to fractionation of the excitation wavefront as well as potentiate the other factors discussed above, making this a particularly high-risk group of patients. However, this identified only 37% of the patients with sudden death and the significance of this finding should be interpreted with caution in view of our small sample size.
Electrophysiologic correlations. Previous reports of programmed electrical stimulation in patients with sudden death have included patients with various forms of heart disease as well as coronary artery disease with and without myocardial infarction and are DIAGNOSTIC METHODS-ELECTROPHYSIOLOGY therefore not directly comparable to this study. [7] [8] [9] In these studies a sustained VT was inducible in 45% to 61% of patients. The mean cycle length of the induced arrhythmias ranged from 273 to 277 msec and countershock was required in 46% to 61% of sustained arrhythmias, although the duration of the arrhythmia preceding countershock and the role of pacing-induced VT acceleration were not described. We induced a sustained ventricular arrhythmia in 73% of our patients with sudden death, which resulted in syncope in all but one, with a mean cycle length of 248 msec in those with monomorphic VT. In contrast, VT was initiated in all patients with VT, had a slower mean cycle length of 310 msec, and resulted in syncope in only one patient. The low incidence of syncope in the VT group was not the result of earlier pacing termination of the arrhythmia, since the duration of VT in this group was 298 + 327 sec, but the syncopal arrhythmias in the sudden death group required countershock after a shorter duration of 115 + 181 sec.
The high incidence of syncopal arrhythmias in the sudden death group appears to have been due to the induction of faster monomorphic VT and rapid polymorphic VT, which degenerate spontaneously to VF. Aggressive stimulation protocols can induce VF in patients without spontaneous arrhythmias, even in the absence of structural heart disease.32 Although this is uncommon with only two ventricular extrastimuli,32-35 two ventricular extrastimuli initiated polymorphic VT degenerating rapidly to fibrillation, or fibrillation itself, in all four of our patients. Recently Buxton et al.10 reviewed the initiation of ventricular arrhythmias in 172 patients with VT or sudden death. They demonstrated a correlation between the number of extrastimuli required for initiation of VT and the rate of the induced VT, and also found that the induced VT in the sudden death group was faster than that initiated in the VT group. In our study, there was no difference in the number of extrastimuli required for induction of arrhythmia. Therefore the high incidence of syncopal arrhythmias induced in our patients with sudden death cannot be attributed to the use of a more aggressive stimulation protocol than that used in the patients with VT. Also in disagreement with Buxton et al., we found that more patients with sudden death required a rapid ventricular drive for initiation of arrhythmia. This may have been due to differences in the patient population studied or the smaller number of patients in our study.
The importance of tachycardia cycle length as the major determinant of syncope during VT is further supported by the results of a recent study of patients Vol. 71, No. 6, June 1985 with and without syncope during VT initiated during electrophysiologic study. 12 Patients with syncope had a faster tachycardia initiated, and there was no difference between these patients with and without syncope in resting hemodynamics or left ventricular ejection fraction.
Criticisms. Although we grouped patients presenting with sustained ventricular arrhythmias according to whether or not they had syncope and required countershock for resuscitation, it can be argued that this is a somewhat artificial distinction. Some patients with sustained VT may develop VF after several minutes to hours, during which time they may have been unable to summon assistance or were unaware of their arrhythmia. The patient's body position may also influence the rapidity of onset of syncope, since the upright position facilitates the development of hypotension. These factors, which could not be assessed in the majority of our patients with sudden death, may play a role in determining whether a patient with VT presents with sudden death as opposed to sustained VT, which is terminated with drugs or countershock before hemodynamic collapse. However, review of Holter electrocardiographic recordings and the clinical presentations of patients with sudden death suggests that prolonged episodes of VT preceding VF are uncommon.' The sudden collapse of our two patients with VT during electrocardiographic monitoring is consistent with this. The electrophysiologic differences we observed between patients with VT and those with sudden death further support the validity of a distinction between them on a pathophysiologic basis.
All of our patients had transmural myocardial infarctions and our findings may not apply to patients with ventricular arrhythmias and small "non-q wave" infarcts or coronary artery disease without infarction. Physiologic evidence of ischemia and other factors, such as mitral regurgitation and changes in the ventricular contraction pattern during VT, which could contribute to the decrease in cardiac output during VT, were not evaluated. These factors could be important in individual patients, such as those with two sites of infarction and severe three-vessel disease. Clinical implications. Our results have shown that patients who present with VT without sudden death after transmural myocardial infarction cannot be distinguished from patients with sudden death on the basis of coronary anatomy or ventricular function alone. This suggests that coronary artery bypass surgery or angioplasty are unlikely to prevent the rapid progression of VT to VF, which occurs in patients with sudden death. However, patients with two sites of transmural infarc-tion and patients with a low ejection fraction and rapid VT may be at particularly high risk for sudden death.
The ventricular arrhythmias induced by programmed electrical stimulation in patients with sudden death are faster than 200 beats/min and also produce syncope while the patient is in the supine, resting state in the electrophysiology laboratory, in contrast to those induced in patients with VT without sudden death. Reduction of the rate of spontaneous ventricular arrhythmias by antiarrhythmic drugs, even when not preventing recurrence of VT, may be sufficient to prevent recurrent sudden death.
